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hunting mortality may be occurring through predator facilitation. Our results reveal a new pathway
through which human hunters, in their role as top predators, may affect species interactions at lower
trophic levels and thus drive ecosystem processes.
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defense	mechanisms,	where	 reducing	 the	 risk	 from	one	predator	 increases	 the	 risk	
from	the	other.	While	predator	facilitation	is	well	established	in	natural	predator-	prey	
systems,	 little	attention	has	been	paid	to	situations	where	human	hunters	compete	
with	 natural	 predators	 for	 the	 same	 prey.	 Here,	 we	 investigate	 hunting-	mediated	
predator	facilitation	in	a	hunter-	predator-	prey	system.	We	found	that	hunter	avoid-
ance	 by	 roe	 deer	 (Capreolus capreolus)	 exposed	 them	 to	 increase	 predation	 risk	 by	
Eurasian	lynx	(Lynx lynx).	Lynx	responded	by	increasing	their	activity	and	predation	on	



























Not	 only	 prey	 alter	 their	 behavior	 in	 the	 presence	 of	 multiple	
predators.	The	activity	and	hunting	strategy	of	predators	themselves	




(Gerbillus pyramidum),	 adjust	 their	hunting	activity	depending	on	 the	
presence	of	the	other	predator.	By	doing	so,	both	predators	may	be	
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able	to	improve	their	own	hunting	success.	As	a	result,	with	predator	
facilitation,	predation	 rates	of	 two	predators	hunting	 the	same	prey	
combined	may	exceed	the	sum	of	the	individual	predation	rates	when	
only	one	predator	was	present	(Sih	et	al.,	1998).
Predator	 facilitation	 is	 thus	 a	 form	 of	 superadditive	mortality,	 a	
term	used	 in	 the	hunting	 literature	 to	 refer	 to	no-	hunting	mortality	
indirectly	 caused	 by	 hunting	 (Kokko,	 2001).	 Superadditive	mortality	
has	been	shown	to	occur	for	a	number	of	reasons	such	as	suboptimal	
timing	of	the	hunting	season	(Kokko,	2001),	crippling	losses,	or	when	









In	 this	 study,	we	quantify	 the	degree	 to	which	 the	avoidance	of	
simultaneously	active	hunters	and	natural	predators	 results	 in	pred-






the	 environmental	 context	 (Belotti	 et	al.,	 2015;	 Melis	 et	al.,	 2013;	
Nilsen	et	al.,	2009).	Various	studies	have	shown	that	roe	deer	adjust	
vigilance	behavior	and	habitat	selection	to	both	human	hunting	(e.g.,	
Benhaiem	 et	al.,	 2008;	 Bonnot	 et	al.,	 2013;	 Padie	 et	al.,	 2015)	 and	
lynx	presence	(Eccard,	Meißner,	&	Heurich,	2015;	Wikenros,	Kuijper,	
Behnke,	 &	 Schmidt,	 2015).	 The	 hunting	 modes	 and	 environmental	









activity	 data	 from	 60	GPS-	collared	 roe	 deer	 (302’633	 locations)	












2.1 | Study area and hunting regime
The	study	area	in	the	Northwestern	Swiss	Alps	(Appendix	S1:	Figure	






all	 three	 ungulate	 species	 to	 be	 relevant,	 since	 the	 entire	 10-	week	
period	 is	 characterized	by	an	 increased	 frequency	of	vehicular	 traf-
fic	and	people	patrolling	in	remote	places,	and	previous	studies	have	

























We	analyzed	 two	 independent	and	 temporally	nonoverlapping	data	
sets	of	deer	mortality.	The	first	data	set	stems	from	eight	closely	mon-
itored	GPS-	collared	lynx	in	our	study	area	in	the	period	2011–2015	
(systematic	 search	 data),	whose	 spatial	 clusters	 of	GPS	 points	 indi-
cating	a	kill	were	systematically	searched	for	prey	remains,	resulting	
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vast	majority	of	mortalities	was	due	to	human	hunting	(n	=	8,099)	and	
roadkills	(n	=	1,437).	For	the	purpose	of	our	study,	we	extracted	the	





2.3 | Separating movement data of lynx and deer 
into active and passive states
2.3.1 | Roe deer
We	expected	the	trade-	off	between	avoiding	human	hunters	and	lynx	
predation	 to	 be	most	 pronounced	when	 deer	 were	 active	 because	





















2.4 | Statistical analysis of prediction 1: Trade- offs in 
avoiding humans and lynx


































altitude)	 as	 proxies	 for	 the	 underlying	 biological	 drivers	 (e.g.,	 food).	
However,	an	explicit	test	of	trade-	offs	between	food	acquisition	and	
predation	risk	avoidance	would	require	a	different	approach.





















This	 approach	was	 possible	 because	we	modeled	 seasonal	 vari-
ation	 in	 habitat	 selection	 and	 risk	 avoidance	 on	 a	 continuous	 time	
scale	 following	 the	 approach	 used	 in	 Forester,	 Im,	 and	 Rathouz	
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(2009):	 We	 included	 interaction	 terms	 between	 open	 habitat,	 
predation	risk,	altitude,	and	southern	exposed	slopes	with	four	harmon-
ics	 of	 day	 of	 year	 (DOY):	 s1DOY	=	sin(2πt/365),	 s2DOY	=	sin(4πt/365),	
c1DOY	=	cos(2πt/365),	and	c2DOY	=	cos(4πt/365).	This	is	analogous	to	a	
reversed	Fourier	transformation,	modeling	a	complex	function	of	time	
using	 the	 first	elements	of	a	Fourier	 series	where	 the	period	of	 the	
time	 harmonics	 determines	 the	 temporal	 scale	 under	 consideration	
(e.g.,	365	for	a	year	or	24	for	a	day).
Because	human	activity	as	well	as	lynx	activity	also	differs	between	
day	 and	 night,	we	 further	 accounted	 for	 diurnal	 fluctuations	 of	 risk	
avoidance	and	habitat	selection:	We	included	additional	 interactions	
for	open	habitat	 and	 lynx	predation	 risk	as	well	 as	building	density,	











ity	 did	 not	 seem	 to	 affect	 our	models	 (Zuur,	 Ieno,	Walker,	 Saveliev,	
&	 Smith,	 2009).	We	 further	 addressed	 this	 issue	 by	 producing	 out-	
of-	sample	predictions	for	our	models	(see	section	on	cross-	validation	
below).



































ing	data	as	 the	 training	data	set.	As	an	additional	 test,	we	 repeated	
the	cross-	validation	for	a	null	model	where	we	assumed	a	completely	
random	pattern	of	habitat	selection	(Fortin	et	al.,	2009;	Appendix	S1).





poral	 fluctuations	 in	 the	 proportion	 of	 time	 lynx	 spent	 active	 using	
a	 logistic	 regression	 approach	 (P(active	=	1)).	 To	 disentangle	 hunt-
ing	from	seasonal	effects,	we	applied	the	same	approach	as	 for	 the	
SSF:	One	model	with	the	full	data	set	(all-	data	model)	and	a	reduced	
model	where	 the	hunting	 season	was	excluded	 (no-	hunting	model).	
Furthermore,	 because	 we	 expected	 the	 strongest	 response	 from	
lynx	while	hunters	are	active,	we	restricted	the	analysis	 to	the	time	
between	the	beginning	of	astronomical	 twilight	 in	 the	morning	 (sun	
angle	<	18	degrees	below	 the	horizon)	and	 the	end	of	astronomical	
twilight	 in	 the	 evening	 (sun	 angle	>	18	degrees	 below	 the	 horizon).	










2.6 | Statistical analysis of prediction 3: Increased 
lynx predation success during the hunting season
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and	the	number	of	monitored	lynx	over	time).	This	approach	corrects	
for	the	temporal	variation	in	lynx	prey	remain	monitoring	and	hence	
for	 the	 variation	 in	 detection	 probability	 over	 time.	We	 compared	
these	direct	estimates	of	roe	deer	kills	by	lynx	(systematic	search	data)	
to	estimates	of	reported	lynx	kills	derived	from	the	hunting	authorities	
(public	 reporting	 data—see	Mortality	 data	 and	Figure	3b).	We	used	





roe	 deer	 in	 both	 data	 sets	 using	 a	 generalized	 additive	model	with	
identity	link	(GAM;	Appendix	S1).	As	before,	we	compared	a	full	data	
model	 (all-	data	model)	with	a	 reduced	model	 (no-	hunting	model)	 to	
disentangle	 hunting	 from	 seasonal	 effects.	 To	 quantify	 effect	 sizes,	
we	 compared	 the	 predicted	 occurrence	 of	 predation	 events	 during	
the	hunting	season	of	the	two	models	and	calculated	the	estimated	




























the	hunting	season	roe	deer	 trade-	off	 risk	avoidance	 from	 lynx	and	
hunters.	During	the	10-	week	hunting	period	roe	deer	avoided	open	
habitat,	where	hunting	risk	is	high,	24%	more	than	they	would	if	there	





Cross-	validation	 indicated	 that	 both	 models	 predicted	 roe	 deer	
habitat	 use	 well	 (mean	 Spearman	 rank	 correlations	 rs_Hunt	=	0.997,	








































































Open habitat (hunting risk) — Midday Lynx predation risk — Midday(a) (b)






3.2 | Prediction 2: Increased lynx activity
During	 the	 hunting	 season,	 lynx	 increased	 their	 activity	 between	
dawn	and	dusk	by	44%	inside	the	forest,	whereas	activity	remained	
unchanged	 in	 open	 habitat	 (Figure	2a,b;	 Table	 S5).	 In	 general,	 lynx	
were	slightly	more	active	when	in	the	open	than	when	in	the	forest.
3.3 | Prediction 3: Increased lynx predation success
The	two	independent	and	temporally	nonoverlapping	mortality	data	
sets	showed	broadly	similar	patterns	of	seasonal	 fluctuations	 in	 the	
number	of	roe	deer	killed	by	 lynx	(Figure	4a,b,d).	The	temporal	pat-







and	 a	 third	 peak	 from	September	 to	November	 during	 the	 hunting	
season.	 In	 contrast,	 the	 seasonal	 patterns	 of	 natural	 mortalities	 in	
the	public	reporting	data	revealed	no	peak	during	the	hunting	season	








Overall,	 the	estimated	 increase	 in	predation	rate	during	the	hunting	
season	was	55%	 in	 the	 systematic	 search	data,	49%	 for	 the	uncor-





The	 aim	 of	 our	 study	 was	 to	 investigate	 the	 degree	 to	 which	 the	
trade-	off	between	avoiding	hunters	and	natural	predators	 results	 in	
predator	 facilitation	 and	 superadditive	 mortality	 in	 a	 lynx-	roe	 deer	
predator-	prey	system.	We	found	that	roe	deer	avoided	areas	of	high	
hunting	risk	during	the	hunting	season	at	the	expense	of	higher	ex-




induce	predator	 facilitation	 through	behavioral	 changes	 in	both	 the	







4.1 | Prediction 1: Trade- offs in risk avoidance 
between humans and lynx
Our	results	show	that	a	shift	in	habitat	use	as	a	hunting-	specific	prey	
defense	 can	 lead	 to	 increased	 exposure	 to	 a	 natural	 predator	 in	 a	




found	 in	 several	 species	 (e.g.,	 Sunde,	Olesen,	Madsen,	&	Haugaard,	
2009	for	red	deer,	Said,	Tolon,	Brandt,	&	Baubet,	2012	for	wild	boar),	
including	roe	deer	(Padie	et	al.,	2015).	In	a	similar	context,	Lone	et	al.	
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habitat,	perhaps	 to	benefit	 from	the	 increased	prey	susceptibility	 in	






that	 detection	 probabilities	 in	 these	 data	 sets	 did	 differ.	 The	 peak	
in	 late	winter	 in	both	natural	mortalities	and	 lynx	kills	 is	much	more	
pronounced	 in	 the	uncorrected	20-	year	data	 set	of	 reported	cause-	
specific	mortalities	of	roe	deer	in	the	study	area	(public	reporting	data;	
Figure	4b,c)	than	in	the	same	data	set	corrected	for	seasonal	variation	



















riod.	Accordingly,	 the	estimated	 increase	 in	 the	number	of	 roe	deer	
kills	by	lynx	during	the	hunting	season	was	almost	identical	for	pub-
lic	 reporting	data	with	and	without	correction	for	seasonal	variation	
in	detection	probability	 and	 sampling	effort	 (50%	vs.	49%).	 Second,	
despite	 the	 completely	 different	 approaches	 to	 data	 collection	 in	












An	 alternative	 explanation	 for	 the	 increased	 lynx	 predation	 on	
roe	during	the	hunting	season	could	be	that	 lynx	abandon	their	kills	



















































Open habitat — Midday(a) (b)
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their	activity	at	night	to	hunt	when	human	hunters	are	not	active.	We	
had	no	 indication	 that	 this	was	 the	 case	 (Figure	S4).	 For	 these	 rea-
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be	 very	 different	 for	 both	 predator	 and	 prey	 in	 multipredator-	prey	
systems	 (Matsuda	 et	al.,	 1993).	Hunting	may	 positively	 affect	 pred-




and	 long-	term	 consequences	 of	 hunting-	mediated	 predator	 facilita-
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